Development with age of human articular cartilage surface structure. A survey by interference microscopy of the lateral femoral condyle. The weight-bearing surfaces of the lateral femoral condyles taken from twenty normal human cadavers aged 0-47 years have been examined by reflected light interference microscopy (RLIM) and by scanning electron microscope (SEM). The surfaces appeared normal by naked eye examination. The presence of both 200-400 pm diameter secondary undulations and small ovoid 20-45 pm diameter tertiary hollows was confirmed in all specimens using both techniques. Measurements by RLIM showed that the tertiary hollows increase significantly in depth and diameter with increasing age. A further order of quaternary surface irregularities was shown. Small irregular ridges, 130-275 nm deep and 1-4 pm diameter, were found with increasing frequency on specimens obtained from persons aged 21 years. These quaternary irregularities are thought to be due to exposure of superficial fibre bundles after the loss, with age, of surface ground substance.
It is now widely accepted that normal articular cartilage surfaces are 'irregular', i.e. not smooth, when examined in the nonloaded state in vivo and in vitro. The surface irregularities were first shown by scanning electron microscopy (SEM) (Dowson, Longfield, Walker, and Wright, 1968; Gardner and Woodward, 1968; McCall, 1968; Inoue, Kodama, and Fujita, 1969) , by profile recording methods (Walker, Dowson, Longfield, and Wright, 1968) , and by replica techniques on fresh and fixed isolated cartilage (Gardner and Woodward, 1969; Clarke, 1971a, b) . Using incident light microscopy, the presence of the irregularities was confirmed in vivo in mammalian and avian joints. A classification of the orders of structure (Gardner and McGillivray, 1971) resolved surface detail into primary anatomical contours; secondary undulations of 200-500 pm diameter; tertiary ovoid hollows of pm diameter, superimposed on the secondary undulations. A further quaternary order of ridges 130-275 nm deep and 1-4 pm in diameter has been described (Gardner, Longmore, Gilmore, and Elliott, 1973) (Fig. 1) .
It is believed that surface morphology contributes to joint lubrication mechanisms; further, altered lubrication may influence both the age-related Accepted for publication June 14, 1974. cartilage changes of Byers (Byers, Contepomi, and Farkas, 1970) and the onset of osteoarthrosis. Although measurements have been made of the depths and diameters of the tertiary hollows in vitro (Clarke, 1973) , nothing is known of their chronological development. The present investigations were therefore designed to provide a sequential analysis of the microscopical structure of cartilage surfaces from birth until middle age. To permit comparison with other investigations of cartilage in this labortory, the surveys were confined to selected zones of the lateral femoral condyle.
Material and methods
The left lateral femoral condyle was removed at autopsy from eleven females and nine males, ages ranging from birth to 47 years. Investigations were begun immediately the material was obtained. Cartilage surfaces were irrigated with a saline jet, using a hand-held wash bottle. This procedure appeared to remove most of the synovial fluid. The surfaces were then viewed with a X1O hand lens. The specimens were placed on their side for several minutes and excess fluid drained off. At no time were the surfaces touched or wiped; they were then viewed without further treatment, using a Leitz RLIM. The RLIM, based on Michelson's two-beam method and designed for metallurgical purposes, was first tested as a biological instrument in 1972 (Gardner, 1972) . Since then the use of this microscope has been extended and developed (Gardner and others, 1973; Longmore, O'Brien, and Gardner, 1973) . The RLIM can be used in either the reflected or interference mode. For each joint specimen, areas of the weightbearing region of the condyle are viewed first in the reflected mode (Fig. 2a) The reflected light study was supplemented by SEM. Blocks of cartilage 2-5 mm square by 1-2 mm deep were taken from adjacent weight-bearing regions of each femoral condyle. Each block was rinsed in saline to remove synovial fluid and fixed for up to one week in 3 % glutaraldehyde in either phosphate or 0 1 mol/l cacodylate buffer, both at pH 7-4. After rinsing in 6 changes of buffer for one hour and then in 6 changes of distilled water for 30 min, each specimen was further prepared by 3 methods (Gardner, Cameron, and Longmore, 1974) (a) Dehydration in ascending grades of ethanol and, finally, in propylene oxide followed by vacuum drying. (b) Plunging in Freon slush and placing on the cold stage of a Pearse-Edwards tissue drier, precooled to -55°to -60°C, followed by evaporation for 2 days. After evacuation overnight at -20°C and then for 6 hrs at 0°, blocks were brought slowly to room temperature over a 4-hour period. (c) Dehydration in ascending grades of ethanol, finally in amyl acetate, followed by Critical Point Drying. After each preparative technique blocks were mounted on specimen stubs using Lo-Kit*, coated with goldpalladium, and viewed in a Cambridge Stereoscan Mark II SEM at an accelerating voltage of 20 kV.
Results (i) NAKED EYE AND HAND LENS EXAMINATION
All specimens displayed secondary irregularities when examined with a X1O hand lens. These were seen as a fine stippling of the cartilage surface. When compared with the bluish-white colour of the infant and adolescent, cartilage from the 30-50 year group was white or had a yellowish hue. In several of the * Kricheldorf, Alles-Kitt-Fabrik, Munich. older specimens, areas of slight fibrillation were occasionally revealed by the hand lens. These areas were usually detected near the medial end of the groove for the lateral semilunar cartilage.
(ii)REFLECTED LIGHT INTERFERENCE MICRO- 
SCOPY
Tertiary hollows were present in all specimens. In young cartilage, due to the convexity of the joint surfaces, observation and recording of surface features was difficult owing to the restricted depth of focus of the RLIM. An accurate analysis of the surface frequency of the tertiary hollows in infants was therefore not possible. However, the impression was gained that there is a decrease in hollow frequency in older specimens (>20 yrs), compared with the 0-10 year group.
In the 0-10 year age group the tertiary hollows were abundant and readily observed (Fig. 4a, b ). They were seen as discrete shallow depressions, frequently paired and occasionally found in clusters. The surface material between the hollows was compact and smooth. Occasionally the surface of the interhollow regions appeared granular.
By the second decade both hollow depth and diameter had increased. The inter-hollow regions were still relatively smooth. In some specimens (Fig. 5a, b ) faint ridging was seen on parts of the joint surface. The complexity of the interference band patterns reflected these slight surface changes. Band deviations of less than half a wave length (A/2) showed that the ridging observed ranged from 130-275 nm in height and up to 2 gm in diameter. The presence of these very small quaternary irregularities in the inter-hollow areas became more conspicuous with advancing age.
When compared with the 0-5 year specimens, there was an apparent decrease in tertiary hollow frequency in specimens over 10 years. 
By the third decade, hollow diameter and depth had increased noticeably. Variations from area to area over the joint surface in each specimen were seen. In some instances (Fig. 6 ) the hollows were very conspicuous and even resembled chondrocyte lacunae. Surface changes in the inter-hollow areas became more obvious with a corresponding complexity of the associated interference images. Interpretation of these intricate patterns became correspondingly more difficult (Fig. 7a, b) . In older specimens (30-50 yrs) variations in surface appearance were more frequent. These did not appear to be related to particular anatomical sites but occurred in areas which were normal when examined with the naked eye or by means of a hand lens. Areas of prominent surface ridging (Fig. 8) , in which the large, deep hollows were present, were observed. By contrast, all specimens of this group had regions where tertiary hollows were sparse (Fig. 9) . These areas consisted of plateaux separated by pronounced ridges; the plateaux were relatively smooth but showed fine, randomly orientated ridges that were frequently striated. Where fibrillation was discernible with the hand lens, the surface was found to be grossly disordered when studied at X200 with the RLIM. In these regions the cartilage appeared more translucent and displayed large irregular troughs and deep ridges, Tertiary hollows were invariably absent from these sites (Fig. 10) . However, the prevalent surface appearance in the older specimens was one in which hollows were prominent. In the inter-hollow regions quaternary undulations were marked and large ridges frequently seen (Fig.  11) .
Hollow depth and diameter had a normal distribution in each specimen (Fig. 12) . Mean tertiary hollow depth and diameter were plotted against age (Fig. 13a, b) . Hollow depth increased significantly with age, from 06-0 7 ,um at 0-5 years to 14-17 7,m at 30-50 years. A significant increase in diameterwith age was also shown, from 20-25 pum at 0-5 years to 35-45 pum at 30-50 years.
(iii)SCANNING ELECTRON MICROSCOPY
With the SEM, the presence ofsecondary undulations and tertiary hollows was confirmed in all specimens examined. Blocks prepared by the alcohol/propylene oxide method, by critical point drying, and by the Freon/vacuum drying method were studied. The former methods were found to be more satisfactory. Blocks prepared by the latter technique were prone to beam damage and displayed surface ridging due to shrinkage.
In younger specimens (0-10 yrs), tertiary hollows were distinct and shallow. The inter-hollow matrix was smooth and compact (Fig. 14) . In older specimens, from persons of 20-30 years, ridging was frequently observed. The greater part of these surfaces remained similar to those of the younger specimens; there was, however, increased hollow depth and diameter. In the inter-hollow areas, the fibrous nature of the surface was apparent. In older specimens, over 30 years, the surface often appeared frayed, with tongue-like projections (Fig. 15) Clarke (1971b) found that the length of the cells was greater and was in the range 10-40 um in young adult hip joint cartilage. The measurements were made on sections cut tangential to the surface. Others have found that superficial zone cell density decreases with age; the overall cellularity remains unchanged due to an increase in cell numbers in deeper zones (Stockwell, 1967) .
The superficial collagen fibres are arranged in closely packed bundles parallel to each other and to the surface. Viewed en face, the bundles have specific orientation which can be revealed by the 'prick-pattern' method (Benninghoff, 1925; Bullough and Goodfellow, 1968; Meachim and Roy, 1969) . The tensile stiffness of articular cartilage is related to this predominant fibre orientation (Kempson, Freeman, and Swanson, 1968; Kempson, 1973) , being greater in test specimens taken parallel to the surface and along the fibre alignment than from specimens taken perpendicular to the fibre orientation. These workers also reported that tensile stiffness decreases with increasing depth below the surface.
No relationship between tensile strength and stiffness with age has been described. No hollows are present. The fibrillar nature of the surface is evident. F=fibre bundle. SEM. x487 substance that gives cartilage its elasticity; the chemical composition of the ground substance is complex (McDevitt, 1973) . Stockwell (1970) (Collins and Meachim, 1961; Byers and others, 1970) . The latter workers have proposed that in the hip joint two types of cartilage lesion occur: the first described as of limited cartilage degeneration, is age-related; the second differs on a topographical basis and is progressive, being part of an osteoarthrotic disease process. Despite intensive study, the initiation of fibrillation is not understood. Limited recent work (Weightman, Freeman, and Swanson, 1973) suggests that fatigue failure of surface collagen may be an important major factor in the onset of fibrillation.
In the present investigation, the surface topography was studied to define the microscopical changes that occur with advancing age. The depth and diameter of the tertiary hollows have been measured in vitro by SEM, surface replica, profilerecording, and stereo-photogrammetric techniques (Clarke, 1971a (Clarke, , b, 1972 (Clarke, , 1973 . These studies of adult femoral head cartilage, not age controlled, showed that the 20-40 ,um diameter hollows varied from 0 9-15 ,um in depth measured by stereomicroscopy. Profile recording of one-stage replicas gave measurements of 0-2-5 pm. Clarke (1971a) The relationship between joint function and the ageing changes described in this report are uncertain. Preliminary experiments on loaded cartilage in vivo (Gardner, 1972) indicated that while the tertiary surface hollows may persist under load, flattening of the larger secondary undulations takes place. The concept of 'boosted' lubrication (Longfield, Dowson, Walker, and Wright, 1969; Dowson, Unsworth, and Wright, 1970) suggests that synovial fluid becomes trapped and concentrated in the irregularities on opposed cartilage loaded surfaces. However, Swanson (1973) has proposed that only an 'inconceivable regularity' of surface undulations would enable such pools to be trapped continuously. Extensive studies (Wilkins, 1968; Maroudas, 1969) indicate that the protein component of the hyaluronate-protein complex is adsorbed into the cartilage surface, the adsorbed layer acting as a boundary lubricant.
There may be a critical point in microscopical surface change where the mechanical properties of the cartilage first begin to fail. Equally, the sequence described in the present report may detract from the efficiency of lubrication and increase the wear rate of the cartilage surface, particularly if the dominant mode of lubrication is 'boundary' in type. However, little firm evidence exists to show that these are causative factors in fibrillation. The present investigation suggests that an ageing process is associated with exposure of superficial fibre bundles in macroscopically normal joints. There may be a gradual loss of surface proteoglycans. The microscopical tertiary hollows, present at birth, also show significant size changes with age. Further investigations are required to establish the connexion, if any, between this sequence and disease.
